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Summary

>Basic lamina elastic constants and thermal expansion coefficients have
been determined for an 'E' glass fibre reinforced epoxy resin system
over a range of fibre coatents. These have been used ac imput data to a
theoretical model which predicts laminate residual strains and stresses,
Residua! strains have also been measuved experimentally. Theory and
experiment were in good agreement indicating ¢ stress-free temperature
comparable to the heat deflection temperature of the resin. It is shown
that in some cases residual stresses can be significant percentages of
the ultiuete streagth of the lamina and must be ullowed for in dasign./a
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1 INTRODUCTION

The recent growth in the use of fibre reinforced compoaite waterials for
primary structures has stimulated the development of more accurate uethods
of predicting their mechanical performance. Initial design codes were
very conservative, often incorporating 'plastics factors' to allow for

the lack of experience and confidence in composite materials. If the
behaviour of these materials were better understood and the real behaviour
could be more accurately modelled in design codes, this margin of over-
design could be reduced and better advantage taken of the high specific
strength and stiffness of these materials.

Initial work at RARDE o1 balanced symmetric angle-ply GRP tubes (Ref 1)
showed that good agreement could be obtained between elastic properties
measured experimentally and properties predicted by Coutinuum Theory.
Continuum Theory i1s a method of mathematically assembling the mechanical
properties of a general laminate from the mechanical propertlies of blocks
of suitably oriented unidirectional laminae (Ref 2). Current work at
RARDE is aimed at developing a Continuum Theory—based computer model for
predicting the mechanlcal properties of a gemeral reinforced plastic
lsminate under complex loading (Ref 3). Experimental verification of this
model under a variety of loading conditions is clearly essential in order
to establish confidence in its use,

Little work has been reported on the magnitudes of residual curing stresses
and their effect on the performance of laminates uiider Service conditions.
It is known that laminates of certain lay-up configurationc can be broken
during fabrication by curing stresses alone. In less severe cases, whilst
the laminate may still be intact after fabrication, subsequent loading
under Service conditions may lead to premature fallure if the residual and
service stresses are additive. For accurate design work it is therefore
ecsentlal to take residual curing stresses Into accoun*

The object.ves of the present study were:

a) to determine the data necessary for a theoretical analysis
capable of giving the magnitude of residual stresses in a general
lanminate,
b) using u sultable laminate, to measure the residual curing
strains experimentally, and to compare these with the theoretical
values,
c) to determine the implications for design methods.

2 CHOICE OF MATERIALS

A wide range of fibres and resin systems 1s readily available. However,
in order to limit the number of variables, a standard resin/glass system
has been adopted for all modelling studies at RARDE. The materials used
ware: :

a) Silenka O51L, 1200 tex, 'E' glass fibre rovings
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b) Ciba-Gelgy epoxy resin MY750, hardencs Y917 and accelera-
tor DY063 mixed in the proportions 1006:85:2 by weight.

The cure cycle was 2 hours at 90°C followed by 1 hour at 130°C and finally
1.5 hours at 150°C. Differential scanning calorimetry has shown that this
cycle yields a fully cured resin system.

The specific reasons for selecting the above system are given elsewhere
(Ref 4).

3 MATERIALS DATA REQUIRED FOR THEORETICAL MODELLING

Accurate measurement of the elastic properties aund thermal expansion
coefficients of representative unidirectional laminae is fundawental to
this type of analysis. The properties required are:

Ey, Longitudinal tensile wmodulus

Ep Transverse tensile modulus

HLT Major Polsson's Ratio

HTL Minor Poisson's Ratio

GLT In-plane shear modulus

aj, Longitudinal coefficient of thermal expansion
ar Transverse coefficient of thermal expansion

Couposites of most Iinterest for high performance applications have a fibre
content of between 0.5 and 0.7 parts by volume (Vyg). The properties out-

lined above are therefore required for all composites in the range Vy~0.5

to 0.7 )

There are problems in trying to extrapolate data measured at one fibre
content to a different coutent. This is discussed elsewhere (Ref 1).

In order to avoid extrapolation, upT, uys By E, op and ag

were measured on flat rectangular specimens, each with'a different fibre
content, Hoop wound cylinders loaded in torsion were used to deteruine

GLT.

4 SPECIMEN MANUFACTURE
4ol Flat Rectangular Tensile Specimens

Flat, unidirectional plates of the chosen glass/epoxy system were manufac-—
tured using a process developed at AERE (Ref 5). A filament winding
machine was used to lay down a circumferential pattern onto a flat plate
mandrel. After a sufficient thickness had built up, the mandrel was
heated to the resin gel temperature (90°C) in an oven, and held at that
temperature for approximately 2 hourg. The mandrel was then air cooled to
room temperature, and the winding pattern cut through at the edges of the
flat plate. The two halves of the wiuding patteru could then be 1ifted

3
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from the mandrel and, because the resin had gelled, the laminate could he
easily handled. Each half was used to make a separate plate by placiug

it in a rectangular leaky mould which was held closed (suitably shimmed)
by G-clamps, The assembly was heated in an oven to complete the composite
cure cycle. As curing proceeded, a periodic check was made to ensure that
the G-clamps were holding the mould closed onto the shims, which ensured
uniform plate thickness. On completion of the curing cycle, the mould was
air cooled to room temperature, the G~clamps removed and the flat plate
extracted.

The as-moulded plate dimensiones were approximately lmm x 250mm x 250wm.
Teunsile specimens 25mm x 250mm were cut from the plates using a diamond
impregnated wheel. Two types of specimen were cut, one along the fibre
direction (to give Ej and upr), and one transverse to the flbre direc-
tion (to give Et and ppp). Aluminium tabs were bonded to the ends of
the specimens to prevent grip damage on testing, and strain gauges (1
longitudinal and 1 transverse) were mounted in the centre using cyano-
acrylate adhesive, TML gauges types FLA-10-11 and FLA-6~11 were used
throughout,

4.2 Hoop Wound Cylindrical Specimens

These specimens werc manufactured by the filament winding process (Ref
6)+. A clrcumferential pattern was used to lay an 8Smm bandwidth onto a
51mm diameter aluminium wmandrel, The specimens were reinforced at the
ends by using the winding pattern shown schematically in Figure 1. This
ensured that the specimen would fail in the centre section.

In order to transmit the torsicnal load to the GRP specimen, aluminium
plugs were bonded into the ends, A bond length of 35mm was found to be
sufficient. The joint was manufactured ag follows:

A Slmm diameter 'Q' ring was positioned 35mm along the plug to be bonded,
This prevented leakage of adhesive from the joint during curing. The
surfaces to be bonded were lightly abraded and degreased, and the adhesive
was spread evenly over both surfaces. The plug was then positioned in

the tube so that the '0' ring was in firm contact with the end face of

thie tube. The assembly was supported in a vertical position using a
laboratory staund and clamps. The selected adhesive, Araldite AW134B/HY994,
required a 3 hour cure at 60°C and this was carried out in an air circula-
ting oven. Bonding was completed at one end before the second plug, which
countained a vent hole, was inserted.

In preliminary torsion tests failures cccurred at the adhesive/GRP inter-
face. Subsequently, the GRP surface was thoroughly abraded and freed from
any mould release agent remaining from the filament winding process. This
process change prevented interface failures during further tests where
shear failure within the gauge length of the GRP was achieved.

On completion of bonding a 0°/90° TML strain gauge rosette (type FCA-6-11)
was bonded centrally to each specimen. The gauge axes were aligned at 45°
to the longitudinal axis of the tube,
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5 TEST PROCEDURE

5.1 Tenslile Tests

The specimens were loaded in an Instron 1193 tensile testing machine,
using wedge grips and a conatant crosshead speed of lmm/minute., The
strain gauges were connected independently in quarter bridge configura-~
tion to two Peekel Model CA300 strain gauge bridges. Each bridge output
was counected to the separate channels of an X-Y;Yo recorder, so that
load vs longitudinal strain and load vs transverse strain could be plotted
simultaneously on the same graph throughout the test. The specimens were
loaded to 0.2% strain for the longitudinal samples, and 0.1% strain for
the transverse samples, which ensured that no damage cccurred to the
gpecimens. Llnear load-strain graphs were obtained over these ranges,
and the moduli and Poisson's ratio were obtained from the slopes of lines
drawn through the origin to the maximum strain point.

5.2 Thermal Tests

The specimens made for the tensile tests were .is0 used to determine the
thermal expansion coefficients of unidirectional laminae. The test method
adopted is described fully in Reference 7. It relies on the detection of
the differential expansion between GRP and a reference material (steel)
by straln gauges comnected in half bridge configuration. By using two
bridges and two reference gauges connected to an X-Y)Y; recorder, both
a1, and ap were measured gimultaneously on the same sample. For

reagons described in Refereunce 7, a more accurate answer can be obtained
by carrying out the test between roor temperature and -50°C. These
conditions were used in the present work. The temperature dependence of
o, and o is discussed later (Section 8.6).

5.3 Torsion Tests

The specimens were loaded in a Mayes 250kN-m capacity servohydraulic
torsion machine. Adaptors were designed so that the grips supplied with
the machine for torsion testing British Standard metal! specimens could be
used to load the GRP cylinders., The complete assembl 1is shown in Figure
2. Before testing was started, the two strain gauge were connected in
full bridge configuration with two dummy gauges to a Peekel Model CA300
strain gauge bridge. When the actlve gauges were connected in adjacent
arms of the bridge, the bridge measured shear strain directly. An X-Y
plotter was used to display torque vs shear strain as the test proceeded.
The loading rate was manually controlled, the time to fallure being
approximately 30 seconds.

5.4 Determination of Fibre Content

The resin burnoff technique defined by BS2782 Method 107J (1970) was used
to measure the glass welght fraction., From this the fibre volume fraction
was calculated, The density of 'E' glass is 2.55g/ml and that of epoxy
resin 18 1.18g/ml, Care was taken with the tensile samples to remove all
traces of the strain gauges and wiring tabs so that the centre portion
could be used in the burnoff test.
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6 RESULTS
6.1 Tensile

Samples

Tables 1 and 2 summarise the experimental results. The following equa-

tions were used

to calculate -theoretical values of Ep, Ep, upr and

uppe Subscripts F and M refer to fib.e and matrix properties regpec—

tively.

a)

where

b)
(Ref 9)

Ep = 2[l-ug+(up=ny )yl [ [1~C]

E;. prediction by the Modified Law of Mixtures (Ref 8)

- 1
E; = VpEp + VyEy (1

El = M
( I-ZUM)

Er prediction using the expression developed by Tsai

Ky ( 2Ky +Gy ) =Gy (Rp=Ky) Vy
(2Ky+Gp)+2(Kp-Ky) VM

g FFC2RFOp e (R KWy

where

(2KytGp) -2 (Ky~Kp) VM (2)

Kp = Ep/2(l-up)
Ky = Epm/2(1-uy)
Gp = Ep/2(l+up)

GM = B/ 2(1+uy)

and C is a contiguity factor, ranging from C=1 for filament: in
contact to C=0 for isolated filaments.

c)

d)

purr predictlon by the Law of Mixtures (Ref 8)

ULt = VrUp + VMum (3)

utr predicticn by the Reciprocal Theorem (Ref 2)

o Fr
wpr  Eg (4)

Where values of ppp, Er and E, have previously been calculated
from theory using equations 1 to 3, this expression can be used
to calculate gy,

e et e -
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e) ay, prediction (Ref 7)

(1-V)E
ap, = ap + (ay~ap) FM
(1-VF)EH+VFEF (5)
£) a7 prediction (Ref 7)
at = agVp + ay(1-Vg) (6)

The following values of elastic constants for fibre and matrix were used
to evaluate equations 1 to 6. These values were obtained during previous
work (references in parentheses).

Matrix Properties:

Ey = 3.352 GPa (Ref 1)
pM = 0351 (Ref 1)
aM = 58.5 ustrain/°C (Ref 7)

Fibre Properties:

Ep = 73.0 GPa (Ref 8,9)
g = 0.23 (Ref 8,9)
ap = 4.9 pstrain/°C {Ref 10)

There seem to be substantial variatiouns in values quoted for py in the
literature, Experimentally this is a difficult property to measure.
Broutman and Krock (Ref 10) have summarised the work in this area, showing
values ranging from 0,18%0.02 (Ref 11) to 0.34%0.07 (Ref 12). The glass
manufacturers, Silenka, indicate a range of values from 0.18 to 0.25 in
their own literature survey (Ref 13). As part of a comtract sponsored by
RARDE at Surrey University, Manders and Bader (Ref 14) have reported
values for py of 0,37. These were preliminary results obtalued by using

a light scattering technique. For the work reported here it was decilded
to use a value of pp=0.23.

Tables 3 and 4 show the theoretical predictions for elastic constants and
thermal expansion coefficlents. Figures 3 to 8 are graphs of experimental
vs theoretical results. Figure 3 shows that agreement between experimental
results and the modified Law of Mixtures is very good., Figure 4 shows that
the Tsal equation fits the experimental results reasonably well for conti-
guity factors (degree of fibre to fibre contact) of 0.4 to 0.5. A single
value of 0.45 would seem appropriate for further predictions. Figures 5
and 6 showing the major and minor Poisson's Ratios indicate a large scatter
in the experimental results, Nevertheless, the theoretical curves do pass
between the experimental points, showing some agreement. Figure 7 indicates
that the theoretical curve for aj forms a lower boundary te the experi-
mental results. A linear expression was fitted to the data giving a
correlation coefficient of 0.78:
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QL = 19!6 - 18.4VF (7)
Figure 8 shows that predictiun of cp is in quite good agreement with
the experimental results, A better fit was ohtained with a linear
expression, giving a correlation coefficient of (0.84:

aTt = 71.3 -~ 71‘.9VF (8)

6.2 Torsion Samples

Figure 9 shows the stress/strain curves from the eleven samples tested.
A fourth order polynomial gave the best f£it to the data:

T = ~0.484y" + 6.281y3 ~ 30.966v2 + 72.58%y + 0,031 (9
where 1 = shear stress (MPa) .

Y = ghear strain (¥)
Table 5 gives the test data at failure of the specimens. It should be
noted that the glass content did not vary significantly from specimen to

specinmen.

6.3 Summary of Results

The equations shown below result from the substitution of the values for
fibre and matrix elastic properties given in Section 6.1 into the theore-
tical equations justified by Figures 3 to 6. These can be used to predict
unidirectional lamina elastic constants for fibre volume fractions batween
0.50 and 0.70.

136.39+30.59VF 598.4VF+16&.64

Ep = [1.298+0.242V,]
T F [?6.0;«89.64VF * 124.,48-89.64V

(1)
BLT = 0.23Vp + 0.351(1-Vg) (12)
E
Wpp = o= ¥ M
Ey (13)

Thernal expansicn coefficients cxn be predicted for unidirectional laminae
with fibre volume fractions between 0.50 and 0.70 using the equations
below, which were obtained from the best fits ghown in Figures 7 and 8.

ap = 71.3 - 74.9Vp (8)

Py,
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Shear stiffness behaviour was markedly non-linear for this glass/resiu
system. Streus/strain curves were not obtained for laminae covering the
range 0.50 to 0.70. The samples tested were closely grouped with an
average glass content of 61% by volume, and thelr shear stress/strain
bpehaviour can he represented by:

T = =0.484Y" + 6.281y3 - 30.966Y2 + 72.584y + 0.031 (9)
where T = shear stress (MPa)
Y = shear strain (%)

When equations 1 to 6 are used the predicted unidirectional lamina elastic
constants and thermal expansion coefficients for fibre volume fractilons
between 0.50 and 0.70 are as follows: :

VF Eq, Ey WLT HTL ar, ar
(GPa) (Gpa) ue/°C ua/“C"“

0.5 38.72 12.105 0.290 0.0907 10.40 33.85

0.55 42,15 13.680 0.283 0.092 9.48 30.11

0.50 45.58 15.565 0.278 0.0945 B.56 26.36

Q.65 49.01 17.750 0.271 0.098 7.64 22.62

0.70 52.43 20,320 0.266 0.1035 $.72 18.87

7 ANALYSIS OF THERMAJ, STRESS BY LAMINATE THEORY

7.1 Definition of Terms

A full derivation of the equations used to evaluate the residual curing
stresses in a liuminated plate 1s given in Reference 2. The computer code
developed In Reference 3 was used in this report for the theoretical
analysis (=ee Section 8.5). Some of the terms and definitions required

are given below.

a) Two sets of axes are normally required to define the
mechanical properties of an angle-ply laminate. The 'LT' axes
are oriented parallel and perpendicular to the fibre direction of
each larlna, and they are called the 'natural' axes., The 'XY'
axes are usually fixed along lines of aymmetry of the component,
For a tube for instance the hoop and axial directions are usually
chosen as XY axes. The angle between the 'LT' and 'XY' axes is
the trancformation angle 6. The sign convention is defined in
Reference 3,

b) The stiffness matrix of a unidirectional composite lamina
in natural axes is defined as:

[Clyr =|EL/(1-upTuTL) Epurn/(1-upruTL) 0
Epupr/(l1-upurn)  Ep/ (l=uputy) 0 (14)
0 0 GLY

10

e
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c) Mechanical properties in 'LT' coccdinates can be transiormed
mathematically to give properties im 'XY' directions. The transfor-

mation matrix is:

(1] = IM2 N2 -2MN
N2 M2 2MN (15)
MN ~MN M2-N2

where M = Cosb

N = Sin6
d) Trans “orming a lamina stiffness matrix requires an
expression as follows:

[Clgy = (1171 (€] plT] (16)
e) For a lanmineted anisotropic plate element with applied in-

plane loads Ny, Ny and Nyy and momeats My, My and Myy the reference
surface stralns and plate change of curvature/twists are related

by:

N A -B €
° 17

M B ~D X
XY XY Xy

The middle surface of the plate is uormally chosen as the refer-
ence surface though this is not essential., The distance from each
lanina interface to the reference surface is denoted by Hg, so
that the Kth lamina lies between interfaces at Hy and Hg.;. The
[A] [B] and [D] matrices are then assembled as follows:

N
- K -

Ay = Iy ol (g = Hgp) (18)
1y K 2 - ul

Bry =5 &, [Cuolxy (Bg - ¥g-p) (19
2 kel
1y K (g3 - 13

DIJ - —3'- kEI [CIJ]XY (HK - H _1) (20)

Ay refers to the term in the Ith row and Jth column of the [A]
nmatrix.

The summation 1s carried out through the laminate thickness from
K=1 to N, where K 1s the lamina number and N {3 the number of
laminae forming the laminate.
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{C J]§ refers to the term in the Ith row and Jth column of the
te&ucex stiffness matrix [C]yy containing properties appropriate
to the Kth layer.

£) In order to calculate plate deformations due to a given
applied load, equation 17 must be fully inverted. The final
equation becomes:

g, a - bd7l bt ba~1] N
. ® leecscessessnsssrassterssesen eas (21)
X -a~1 b d‘lj MJ

XY XY XY

The 3x3 matrices [a] [b] and [d] are defined as follows:

[a] = [a]7] (22)

[b] = [A]711B] (23)
id] = [BJ[A]"1[B] - [D] (24)
2) The strain on any surface thrcugh the laminate, other

than the reference surface, can be obtained from:

[SZ]XY = [eolxY - Z[x]XY (25)

where [eg] contains strains in XY coordinates of a surface at
distance # above the reference surface.

h) Stresses in the Kth layer of a laminate can be obtained by
substituting the appropriate value (either Hg or Hg.j) into
equation 28 and using:

[olXy = [cIfy [elfy (26)

i) Transformation of stresses or strains from 'XY' to 'LT'
axes can be achieved using:

(018 = [T1% [olfy
el = [TIF [elfy (27)

7.2 Thermally Induced Stresses in a Laminated Plate

Hot cured laminated plates manufactured using epoxy resins are typically
gelled at 80°C and post cured at temperatures greater than 100°C. Assuming
that the operating condition is room temperature (say 20°C), a significant
temperature difference exists between this and the stress-free temperature
{somewhere near the gel temperature) of the plate., If each layer were free
to deform independently, the temperature difference would cause simple
thermal strains in each layer.
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The analysis first assumes that 'thermal forces and morants' act on each
layer causing thermal strains, the magnitude of these forces and moments
can be calculated naing the following set of equations, derived in Reference

2.

N
Y S K oK K K -
1 Ftuln oy +Cialyy oy +C13lxy “XY] (B~ AT

N
T K K . K K K K _
Ny* = KEL Eclzlxy ay *[Cqyolyy ay +Co3lxy “XY.] (Hg=Hg_y)AT

N
T K K K K K K - .
My = L ECHIXY ag +[Coglyy ay +[Cqslyy axil (Hy~Hy_; AT

(28)

<4
xr-l
[ ]

N
1 K K K K K K 2.2
) 'Z‘ECII]XY ag +101p)xy ay +[C1alyy o gyl (Hg“-Hg_;)AT

N
T 1 K K K K K ok . 2-n2

My" = I Sl C2dxy ox *Ca2lxy oy +Co3lxy “xa_;] (By®-Hg1)AT
T .31 KK K K A P

ey = Iy 2 |LC13lxy 3% *+{Caalxy oy +lCaslxy “xy](“x ~Hig-1)AT

The forces and moments acting on each layer are summed through the‘thi%kness
of the laminate., Thus N,*, Ny and Ny, are the thermal forces, and Me®

MﬁT and M%Y are the thermal moments acting on the laminate as a whole and

W

eras

AT is the temperature difference bztween the operating temperature and the
stress free temperature. For hot cure systema this is a negative quantity.

ay® 18 vhe coefficient of thermal expansion of the material in the Kth
layer, measured in the X direction,

ay® 18 the coefficient of thermal expansion of the material in the Kth
layer, measured in the Y direction,

ok, 18 a cross coefficient of thermal expansion, measured in the XY
plane (analogous to a shear strain.)

The thermal expansion coefficients acting in the X and Y directions of a
layer can be calculated from their coefficients in natural 'LI' axes by
t-ansformation:

lal¥y = [TI®qlK
XY LT (29)

13
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The laminated plate equation 21, czan now be used to detcrmine the overall
deformation due to the thermal forces and moments:

THERMAL
fe e a=-bd~1pT® pd~!

THERMAL
N
= (30)

_=1.T -1
X {xy d b 4" Iyy  Mixy

The thermal strains in each lamina can be calculated using equation 25:

THERMAL THERMAL THERMAL
[eg] = [eol - &lx]
XY XY XY
(31)
Transforming to natural axes gives:
THERMAL THERMAL
leg] = [T]leg]
LT XYy
(32)

The straln state in each lamina, calculated from equutions 30 to 32, takes
into accouant the restraining effects of adjoining laminae which ensures
equilibrium through the laminate. However, if the laminae were all
separated, their "free' deformation would be governed by simple thermal
expansion:

FREE :
ie €y, aped
e - ap.h (33)
0
LIyt T

The difference between the equilibrium and free strain state gives rise
to mechanical strains, which then result in residual stresses:

MECHANICAL THERMAL REE
ie rel] reﬂ raL.AﬂF
¢
g = | € - ar.d
YLT !}L' 0

14

(34)

é
d




The residual stress state in the lamina can be obtained frocam equation 34
by multiplying the LHS by the appropriate lamina stiffness matrix:

‘ RESIDUAL MECHANICAL
ie {ol - fcl (el
LT LT LT

(35)

To aummarise, the overall deformation ¢f & laminate due to thermal
contraction or expansion can be obtained from equation 3G. Equation 34

is required to evaluate the mechanical residual strains in any ore lamina.
The residual stress state in any one lamina can be found from equation 35,

[T SN SEP SPULJUINE S I P Y SR

The computer code developed in Reference 3 analyses the residual gtress
state in a given laminate by means of the equations discussed above. The
program output includes the ovesall laminate deformation (equation 30),
the mechanically induced residual strains in each lamina (equation 34)
e and the mechanically induced residual stress in each lawina {equation

; 35). Options for restraining the piate deformations during curing are
ava.iable in the program, though this is not discussed here.

1 8 EXPERIMENTAL TECHNIQUE FOR MEASURING RESIDUAL THERMAL STRAIN IN A

- TAMINATE
A
i 8.1 Choice of Specimen

The simplest specimen geometry consists of one lamina at 0° and one at

90° to an arbitrary XY axis system., This is the worst case of asymmetry
possible in terus of thermal expansion coefficients, being analogous to

a bimetallic strip. With this configuration chermal forces lead to pure
bendi..g of the laminate, which becomes curved (in both X and Y directions).
The radius of curvature (R) can be measured and the curvature (x)
calculated, since by definition:

1
X = .-
R (36)

e Choosing a 0°/90° configuration has a further advantage in that deforma-
) tions along the X axis are the mirror-images of deformations along the Y
axis. Thus a check can be made to ensure that the 0° ..nd 90° fibre
directions coincide with the chosen X and Y directions (if they do not,
deformations along the X axis willl differ from those aiong the Y axis).

The validity of the laminate analysis outlined in Section 7 can be tested
by comparing the theoretical values of x (determined by evaluation of
equation 26) with the experimenrally measured values of .

8.2 Specimen Manufacture

3 The technique cutlined in Section 4.1 was used. The flat plate mandrel was
[ designed so that it could wve rctated by 90° after completion of one or more
layers., Thus a 0°/9(° plate could be wound in one sequence. Gelling and
curing were carried out in the same way as for the unidirectional plates.
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On completion of cure, as scon as the mould constraints were removed, the
laminates took on a curved shape.

Two sets of laminates were made, one with G°/80° sequence (2 laminae), and
the other with 0°/0°/90°/90° sequence (4 laminae). An as-moulded laminate
was typically 250mm x 250mm. The radius of curvature (R) was measured
along the X and Y axes (0° and 90° direction) through the centre of the
plate. A straight edge and a depth gauge were used for this purpose and R
was calculated by means of the geometric relationship shown in Figure 10.
To minimise the problem of having a compound curvature acting on the plate,
the plates were cut into 25mm x 250mm etrips., Radius of curvature could
thus be determined with C=250mm (see Fig 10}.

If the radii of curvature along X and Y were significantly differeut, the
plate was rejected since only imperfections could cause this. If the
radil were similar, the plate was considered acceptable.

8.3 Test Procedure

The radius of curvature of each strip was measured as described above,

The laminate thickness was measured in several places with a micrometer,
and an average thickmess calculated., The ambient temperature at which

the measurements were made was recorded. Cn completion of these measure-
ments, the glass content of each strip was determined by the res’: burnoff
method (see Section 5.4).

8.4 Experimental Results

Tables $ and 7 give the plate curvature results. A range of plate thick-
nesses and glass contents was covered.

8.5 Theoretical Results

To compare the experimental results with those predicted by the Continuum
Theory outlined in Section 7, the theoretical stress-free temperature was
calculated for each specimen using the RARDE computer model (Ref 3),

A lmm thick plate cowprising a 0.5mm zero degree ply and 2 0.5mm ninety
degree ply was modelled using the basic ply properties determined in
Section 6. Separate analyses were performed for fibre volume fractions of
0.5, 0.55, 0.6, 0.65 and 0.7. A temperature difference of 1°C was imposed
on each laminate., Taking the predicted curvature of a 0.6 volume fraction
laminate as unity, a graph of glass content normalising factor (GCNEF)
versus glass coutent was constructed (Fig 11), where

Predicted curvature of an X V plate
GCNF at a Vyof X = u

Predicted curvature of a 0.6 Vy plate

Using the basic ply data for a 0.6 VF laminate, separate analyses were

performed to establish the effect of plate thickness on predicted plate
curvature. Taking the predicted curvature of a l.0mm plate as unity, a
graph of plate thickness versus thickness normalising factor (TNF) uas

constructed (Fig 12), where

16




TNF at a plate thickness Yom = Predicted curvature of a Ymm thick plate
Predicted curvature of a 1.0mm thick plate

The RARDE model predicted the curvature for a lmm thick plate with a glass
content of 60% and an imposed thermal stress temperature of 1°C to be:

X = 204691072 (mu~))

The theoretical stress—free temperature was calculated for each specimen
as follows, using the results of specimen 2B as an example:

Specimen 2B Vg =~ 0.65 t = 0.99am Radius of curvature = 488.5mm
From Fig 11, GCNF = 0.85 for a 0.65Vp laminate

From Fig 12, TNF = 1.0l for a 0.%9mm thick plate

Predicted curvature for this specimen is equal to the predicted curvature

for a lmm thick, 0.6 Vy specimen multiplied by GCNF, TNF and the difference
between the test temperature and the stress—-free temperature (AT) -

* GCNF*INF * AT

i -
¢ X pREDICTED XO.6VF,1mm thick a7

With the appropriate value of AT, x = X
PREDICTED EXPERIMENTAL

Substituting into equation 37 gives:

AT = XEXPERIMENTAL
*GCNF* TNF

XO.6VF,1mm thick

for specimen ZB this gives:

AT = 1/488.5 = 96.6°C
2.469x10™5%0,85%1,01

Theoretical stregs~free temperature (T) = AT + test temperature:
e T = 96.6+22 = 118.6°C

The results of calculations using the data from the other specimens are
glven in Table 8,

A graph showing predicted stress—free temperature versus weasured radius
of curvature is given in Figure 13. A well grouped set of results was
obtained, indicating a wmean stress-free temperature of 119.5°Ct6.1°C.

B.6 Discussion of Results

The RARDE laminate computer model predicts the residual strain behaviour
of the 0°/90° asymmetric laminates accurately, provided that the stress-
free temperature is taken as 119.5°C for this glass/resin aystem.

17
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Defining the stress-free temperature of a laminake during the cure process
is difficult since curing can be accomplished over a wide range of time/
temperature combinations. Reference 15 indicates some of the possible
curing schedules for the system used in this report, Gelling is carried
out between 80°C and 100°C, whereas temperatures of 120°C or greater are
required to develop the full mechanical properties of the resin. Although
a laminate which has gelled has undergone some metrix cross-linking, it is
8till quite pliable and capable of being formed into a diffarent shape
prior to a full cure. Residual thermal stresses cannot exist at this stage
since the matrix can flow to relieve such stresses., Raising the tempera-
ture of the laminate above the gel temperature initiates the formation of
strong cross—-links in the matrix, and the structure progressively stiffens
until curing is complete. One would expect the streassfree temperature to
be somewhere between the gel and cure conditionms.

At temperatures of 100-120°C creep/stress relaxation mechanisms become
significant and the basle ply transverse and shear stiffness behaviour
is substantially affected., Basic ply thermal expanslon coefficients are
algso very temperature dependent in this temperature range. Using room
temperature elastic and thermal expansion coustants inevitably leads to
some error in modelling at the higher temperatures, A more complete
model has been developed to allow for temperature dependent stiffness
and thermal expaunsion terms (Ref 16), although the problem of defining
the stress—-free conditions in a laminate was not discusased.

An alternative approach to the problem is discussed by Curtis in a recent
paper (Ref 17). No attempt to define a stress—free temperature or measure
the temperature dependent elastilc and thermal expansion coefficlents was
made. Curvature measurements from 0°/90° laminates taken at ambient
temperature were used to calculate the lamina thermally induced strains
directly. Baslic ply elastic constants were determined using unidirectional
tensile coupons. An assessment of the strain state in socme typical air-
craft lay-up configuratlons was then made. The advantage of this approach
is that thermal expansion coefficients and a stress—free temperature are
not required. Values of (ap.AT) and (ar.AT) used in equations 33 and

34 are derived from the 0°/90° curvature experiments for use in further
calculations. Since ajp, ar and AT cannot be defined separately by

this method, the disadvantages are that the residual stress state can

only be determined at one temperature (ie ambient) and only for the test
material where (ap.AT) and (ap.dp) terms have been measured., Thermal
expansion coefficients and elastic constants are usually quoted in manu-
facturers' data for a variety of fibre/resin combinations. The RARDE
model would enable an assessment of the residual stress state to be made
for any such systems or combinations (hybrids) provided that & reasonable
estimate of the stress-free temperature could be made for these laminates.

Manufacturers' literature for the resin system used in this report (Ref
13) indicates a heat deflection temperature {as define< by BS2782 method
102G) of 105-115°C. This test is a crude measure of the temperature at
which the resin ceases to support significant loads. One would therefore
expect 1t to be a good indication of the stress-free temperature. The
pradicted stress-free temperature of 119.5%6.1°C seems to support this
assumption, if it 1s acceptzd that modelling with ambient temperature
elastic and thermal expansion constants i1s not strictly accurate. Errors

18
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due to these temperature dependent properties may not, however, be cigni-
ficant in the case of glass/epoxy since the iucrease in ap with increas—
ing temperature is of the same order as the decrease in Ep with increasing
temperature - the thermal forces and moments {Section 7.2, equation 24)
are therefore less influenced since the chaages will tend to cancel each
other out,

9 DESIGN IMPLICATIONS

The RARDE laminate model wes used to examine the residual thermal stress
state in *6 balanced, symmetric laminates. This lay-up configuration is
an approximation of the simplest winding pattern found ir filament wound
tubes. A 0,6 fibre volume fraction was assumed and appropriate elastic
constants were chosen in accordance with Section %.3. The stress-frea
temperature was taken to be 119.5°C as found experimentally in Section 8.
The residual stress state was calculated for twe sets of conditionms,
ambient and -40°C. Ambient temperature was taken as 19.5°C, which gives
a stress—-free temperature difference of -100°C. The stress state within
each lamina in fibre (LT} axes is shown in Figure 14. The maximum
residual stresses occur in *45° laminates where the significant feature
is the magnitude of the transverse tensile gtress. The uliimate trans-
verse tensile strength of a basic lamina ig in the range 40-60MPa. The
residual curing stress at amblent temperature is approximately 20% of
this.

A temperature range of +70°C to -40°C is typical of the envirommental
conditions specified for military equipment. The most severe resldual
thermal stresses will occur in laminates at -40°C. Results of the analysis
are shown in Figure 15, Transverse tensile stress in the 145° lauinates

is still the main feature, exceeding 30% of the ultimate strength values,

Therefore, in the simple £0 laminates at extremes of the temperature range
for normal military equipment, residual thermal stresses exceeding 304 of
the ultimate strength of the basic lamina may be expected. In the worst
case a corresponding reduction in the design strength of a component would
occCur,

More complex lay-up configurations involving uanbalauced and asymmetric
laminae could lead to higher residual stresses. Tempcrature variatiouns
within a component and thermal shock, though not the subject of this

report, are additional causes of stress. Hybrid structures fabricated
from lavers of one material (eg GRP) combined with layers of another

material (eg Kevlar) can induce large residual stresses in the leminase.
An example of this is given in Reference 1 where the laminate model was
used to analyse a glass/Kevlar hybrid cowprising laminae oriented =
(0°/0°/+55°/-55"/+55°/-55°}. The 0° laminae were Kevlar/epoxy and the ,
£55° laminae were glass/epoxy. At ambient tempeiature transverse tensile '

stresses in the Kevlar/epoxy laminae approach 70% of their ultimate value.

Recent work by Curtis (Ref 15) indicates that moisture absorption by a
composite leads to relief of the residual curing stresses. The rate at
which this will occur depends upon many factors such as the thickness of
the laminate, the ambient moisture conditions and the moisgture diffusion
coefficient of the resin systems. Although this effect can be beneficial
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to a component during its Service life, until recogniged stress relieving
processes for conposites cre developed and applied to components before
they enter Service, the designer must assume that the full effect of
curing stress will be present.

10 CONCLUSIONS

1) From the limited amount of modelling carried out in this report
it can be seen that residual curing stresses can significantly affect the
performance of fibre reinforced composite components. Therefore in the
wmajority of cases some attempt to estimate theilr magnitude at the compon-
ent design stage ls necessary.

2) Evidence in this report based on glass/epoxy composites indicates
that the RARDE laminate model can be used successfully for this purpocse
provided that relevant lamina elastic and thermal properties are avallable.

3) If heat deflection temperature information can be cbtained for a
proposed resin system, it can be used as a reasonable estimate of the
stress-free temperature for modellirng.,

4) For other fibre/matrix combinations where elastic and thermal
expansion properties are more highly temperature dependent a more exact
incremental model may be required. 1t may be simpler in these cases to
establish a stress~free temperature by experiment on 0°/90° laminated
plates.
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Strain

Shear Strain

Stress

Shear Stress

Young's Modulus

Shear Modulus

Poisson's Ratio

Coordinate axes based on lamina principle fibre direction

Arbitrary coordinate system at angle 0° to LT coordinate
systen

Ply angle, le the angle through which the XY axes are
rotated relative to the LT axes

Matrix
Linear coefficient of thermal expansion

Temperature
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TABLE 1 Longitudinal Tensile Specimen Results

e L Sl kT o

GLASS VOLUME E|, GPa uLT ay, ar
FRACTION Vg STRAIN/°C STRAIN/°C
0.51 37.81 0.261 9.13 31.73
0.525 39.96 0.276 10.19 31.79
0.54 39.17 0.290 9.48 35.10
0.57 43.84 0.165 9.67 32.25
0.585 45.10 03438 8.85 32.83
0.60 45.10 0.311 8.22 24.97
0.605 44.88 0.290 8.15 24,32
0.62 46.97 04266 7.87 23.93
0.62 47.06 0.296 8.55 26.40
0.625 47.19 0.283 7.68 25.10
0.72 53.91 0.266

BROKEN STBAIN GAUGE

TABLE 2 Transverse Tensile Specimen Results

GLASS VOLUME Ep GPa UTL ap, aT
FRACTION Vg STRAIN/®°C STRAIN/®C
0.53 13.1 0.088 11.56 33.15
0.54 13.92 0.087 9.48 28.87
0.56 13.79 0.080 8.94 26.53
0.575 13.60 0.086 9.43 29.52
0.59 BROKEN STRAIN GAUGE 9.59 27 .57
0.60 15.31 0.105 7.21 24.39
0.615 16.91 0.101 8.85 27.77
0.625 16.40 0.090 §.18 25.62
0.70 21.53 0.081 7,06 18.8q4
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TABLE 6 Plute Curvature Results, 0°/0°/90°/90°
Plates, 22°C
SPECIMEN GLASS VOLUME PLATE RADIUS OF
NO FRACTION THICKNESS CURVATURE
(zm) (mm)
2B 0.65 0.99 48845
2C 0.66 1.00 482.5
2D 0.655 1.03 514,2
2E 0.65 1.05 517.6
2F 0.65 1.08 521.0
2G 0.65 1.10 539.0
6A 0.61 1.09 443,7
6B 0.61 1.14 443.7
6C 0.61 1.16 443.7
6D 0.605 1.18 440.2
6E 0.60 1.21 452,9
6F 0.585 1.22 4567
6G 0.57 1.22 451.1
6H 0.57 1.19 440.2
i18B 0.575 1.07 447.5
18C 0.58 1.07 451.8
18D 0.615 1.07 470
18E 0.65 1.07 505.9
18F 0.64 1.07 535
18G 0.63 1.07 535
18H 0.63 1.05 495




TABLE 7 Plate Curvature Results, 0°/90° Plates, 22°C
' SPECIMEN | GLASS VOLUME PLATE RADIUS OF
NO FRACTION THICKNESS | CURVATURE
(mm) (mm)
*
3B 0.605 0.74 312.5
3C 0,59 0.71 298.9
. 3D 0.595 0.71 297.1
g 3E 0.%0 0.7} 291.8
g : 3IF 0.61 Ueb9 294 .4
3G - 0.62 0.70 296.0
, 138 0.655 0.60 266.7 §:
i 13¢C 0.66 G.60 288.3. 3
o 13D 0.655 0461 268,3
. ‘ 13E 0.65 0.61 290,1
o ; 136 0.64 0.61 281.7
: 04 ' 134 0.64 0.58 279.3
15¢C 0.58 0.69 306.0
15D 0.595 0.66 289 8
15E 0.61 0.64 296.1
15F ! 0.61 0.66 297.1
15¢ 0.61 0.66 306
158 | 0.61 0.67 307.8
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TABLE 8 Theoretical Stress-Free Temperature Pradiction
SPLCIMEN | STRESS-FREE ! SPECIMEN | STRESS-FREE { SPECIMEN | STRESS-FREE
NO TEMPERATURE NO TEMPERATURE NO TEMPERATURE
28 118.6 6A 124.9 188 111.8
2C 122.2 6B 129.6 18C 112.2
2D i19.1 6C 130.7 18D 118.2
2K 119.1 6D 132.4 188 122.5
2F 120.8 6E 129.9 18F 113.7
2G 119.7 6F 125.5 186G ilu.7?
6G 122.4 18H 116.7
6H 122.8
SPECIMEN | STRESS~FREE } SPECIMEN | STRESS~-FREE | SPECIMEN | STEKESS-FREE
NO TEMPERATURE NO | TEMPERATURE NO TEMPERATURE
3B 119 13A 110.6 158 114.5
3C 114.7 13B 130.7 15C 1076
3D 117.4 13C 124,2 15D 112.8
3E 120 8 13D 124.6 15E 111.6
3F 119 2 13E 122.1 15F 114.8
3G 123.7 13F 121.3 156G 112.1
136 121.6 15H 113.4
134 118.2
MEAN STRESS-FREE TEMPERATURL = 119.5°C
STANDARD DEVIATION = 8.1°C
COEFFICIENT OF VAKRKIATION = 5.1%
28
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